Abstract. On October 16, 2001, Voyager 2 at ∼65 AU observed a strong shock with a speed jump of over 100 km s −1 , the strongest shock observed since 1991. However, unlike for many large shocks observed in the outer heliosphere, we could not find a single solar event which is directly linked to this shock. Instead, a series of solar events in April 2001 is found to be responsible. A multi-fluid one-dimensional MHD model is used to show that the solar wind stream structures associated with the April solar events observed at Earth have merged in the distant heliosphere into the single strong interplanetary shock that was subsequently detected by Voyager 2 in October 2001. Our demonstration that large shocks can and do form from this merging mechanism may have important consequences for the formation of merged interaction regions and the triggering of the heliospheric radio emission.
Introduction
Spacecraft observations of the solar wind from Pioneers 10 and 11 and Voyagers 1 and 2 have given us insight into magnetohydrodynamic (MHD) processes in the outer heliosphere (see review by Burlaga [1984] , which includes a discussion of the merging of flows, interaction regions and shocks). Shocks are an important component of the solar wind structure and have been studied intensively during the past three decades. The evolution and interaction of shocks in the outer heliosphere has been reviewed by Whang [1991] . Two classes of shocks are observed in the solar wind: corotating shocks and transient shocks. Near solar minimum, the solar wind has a relatively simple configuration with high-speed streams over the solar magnetic poles and slow-speed streams at low latitudes. As a consequence of solar rotation and the tilt of the solar dipole, compression regions develop between the fast and slow solar wind streams. These compressive interaction regions often persist for many solar rotations and co-rotate with the Sun, thus they are called co-rotating interaction regions (CIRs) [Smith and Wolfe, 1976] . CIRs are typically bounded by forward and reverse waves that steepen into forward and reverse shocks near and outside 1 AU. As the shocks propagate through the solar wind they eventually collide. When a shock overtakes another shock from behind, the two shocks can merge into a strong shock. Transient shocks are in general produced near the Sun by fast ejecta from violent events on the Sun. Transient shocks are most frequent near solar maximum when the Sun is most active. These phenomena are well studied and understood under the framework of MHD theory.
With the Voyagers now located in the distant heliosphere and approaching the local interstellar medium, the effects of pickup ions are very important. Unlike the plasma component, the neutral atoms (mainly hydrogen) in the interstellar medium can drift into the solar wind regime, where they charge exchange with the solar wind protons and produce pickup ions [Axford, 1972; Holzer, 1972] . The acceleration of pickup ions slows down the solar wind flow and heats the solar wind protons in the outer heliosphere. The impact of pickup ions on the propagation of shock waves has been investigated numerically by several authors [Whang et al., 1995 [Whang et al., , 1999 Zank and Pauls, 1997; Rice and Zank, 1999; Wang et al., 2000] .
During the previous two solar cycles large events observed at Earth in 1981 Earth in , 1989 , and 1991 were also observed as shocks at the distance of Voyager. The 1981 and 1991 events produced significant decreases in the neutron monitor counts at Earth and are considered as possible triggers for the 2-3 kHz radio emission observed by the Plasma Wave Subsystem (PWS) experiment. In the 1991 case, Gurnett et al. [1993] suggest that the trigger for the radio emission was a large shock formed from the merger of a series of solar events in May and June of 1991, but do not test this hypothesis. Whang and Burlaga [1994] studied the interaction of the global merged interaction region (GMIR) shock observed by Voyager 2 with the heliopause and its relation to the 2-3 kHz radio emissions.
During the current solar maximum (Cycle 23), several major coronal mass ejections (CMEs) associated with solar flares produced large transient shocks, which were observed by widely-separated spacecraft such as Wind at Earth and Voyager 2 beyond 60 AU. These events provide further opportunities to study shock propagation and evolution in the outer heliosphere. For example, the Bastille day (July 14) 2000 CME shock was observed by the Wind and IMP 8 spacecraft at Earth to have a speed jump of over 400 km s −1 . By the time this shock reached Voyager 2 at more than 60 AU six months later the speed jump was about 60 km s −1 . Wang et al. [2001a] use an MHD model, which includes the effect of pickup ions, to successfully predict the arrival time and speed jump of this shock at Voyager 2. On October 16, 2001, Voyager 2 (∼65 AU) detected another strong shock with a speed jump of about 100 km s −1 . However, we could not find a corresponding large shock in the solar wind data from near Earth. This shock does not seem to be a remnant of a single large solar event.
In this paper, we use a multi-fluid solar wind model to demonstrate how successive merging and interaction of a series of interplanetary shocks observed in the inner heliosphere leads to the formation of a strong shock in the distant heliosphere.
Observations and Modeling
On October 16 (DOY 289, DOY stands for Day of Year), 2001, the plasma detector on board Voyager 2 recorded a relatively strong shock at ∼65 AU. Figure 1 Figure 1 shows the high-resolution (192 s) plasma data for this shock. The solar wind speed (V ) and thermal pressure (P ) are plotted in the top and bottom panels, respectively. The solid lines in the figure denote the average values of these parameters during a two-day period in the upstream and downstream directions. The speed jumps 105 km s −1 from 347 to 452 km s −1 across the shock, and the thermal pressure increases by a factor of 5.9. In contrast, the Bastille Day shock observed by Voyager 2 on January 12, 2001 has a speed jump of 55 km s −1 and a thermal pressure increase of a factor of 2.5. The October 16 shock is the strongest shock observed by Voyager 2 since 1991 when the spacecraft was at 35 AU. Shocks take about 6 months to propagate from Earth to 60 AU. In order to identify the inner heliospheric origin of the October shock, we examined the Wind data at Earth 4 to 8 months prior to the shock arrival at Voyager. Initially we searched for a big event similar to the Bastille Day 2000 event, but failed to pinpoint a single source which could have been responsible. However, we noticed that the active regions on the Sun produced a series of solar flares and CMEs in April, 2001 . The Solar and Heliospheric Observatory (SOHO) (http://sohowww.nascom.nasa.gov/) spacecraft recorded one of the largest solar flares in 25 years on April 2 (DOY 92); the associated CME was not headed Earthward, so the geomagnetic impact was not severe. Another active region (# 9415), which had a complex magnetic field structure, produced more solar outbursts, including consecutive flares and CMEs on April 5, 6 and 9. On April 10 (DOY 100), it fired off another powerful X-class flare and shortly after the flare, a CME was observed heading for Earth. When these ejecta and associated interplanetary disturbances reached Earth, they were observed by solar wind monitors such as ACE and Wind. Figure 2 shows the hourly average plasma mea- Figure 2 surements from Wind. Using the same format as in Figure 1 , we plot the solar wind speed and thermal pressure in the top and bottom panels, respectively. The group of high-speed streams preceded by shocks in April (labeled A in the figure) are apparently due to the passage of these CMEs. These high-speed streams are each separated by only a few days and persist for almost twenty days. They do not recur in the subsequent solar rotation. The single high-speed stream with a leading shock labeled B in Figure 2 is probably the result of the halo CME on April 26 (DAY 116). None of these shocks is as strong as the Bastille Day shock observed by Wind, across which the solar wind speed jumped from 600 to over 1000 km s −1 . On Bastille Day 2000, the Moscow Neutron Monitor recorded a Forbush decrease (20%), significantly larger than the biggest decrease (17%) during this time period in April. The Bastille Day event was also more geoeffective, resulting in a Dst index of -300 compared with the maximum value of -256 for the April 2001 events. Although none of the events in April is by itself as large as the Bastille Day 2000 event, we hypothesized that as a group these events could interact and merge while propagating outward from the Sun and eventually produce a strong shock such as that observed at Voyager 2. We use our recently-developed numerical code to model this dynamical process and test our hypothesis.
We employ the multi-fluid one-dimensional solar wind model which was described in detail by Wang and Richardson [2001b] . In this model, we assume the solar wind consists of three co-moving particle populations: solar wind protons, pickup ions, and electrons. In addition, we use a hydrodynamic approach to calculate the interstellar neutral hydrogen distribution selfconsistently. The solar wind protons and neutral hydrogen are coupled via charge-exchange. We take into account the thermal coupling between solar wind protons and pickup ions by considering the energy transfer between them. We introduce the energy partition ratio = 0.05 in the model, which means 5 percent of the total energy from the pickup process goes to solar wind protons based on the best fit to the heliospheric temperature profile observed by Voyager 2. The interstellar neutral hydrogen density is chosen to be 0.09 cm −3 to match the observed slowdown of the solar wind flow due to the pickup process. The computational domain ranges from 1 AU to 70 AU with a grid spacing of 0.02 AU. Hourly-averages of the Wind plasma data (see Figure 2) are inserted at the inner boundary (1 AU). We follow the evolution of the solar wind structures until they pass the location of Voyager 2 (∼65 AU). Figure   3 shows snapshots of a portion of the propagated speed Figure 3 profile at increasing radial distances. The top panel (Figure 3a) shows the input (Wind) data set. The radial development of the stream structure as predicted by the model is plotted at 10 AU increments from 10 to 50 AU. (Figures 3(b)-(f) ). The bottom panel compares the propagated data at the location of Voyager 2 (∼65 AU) with the Voyager 2 observations (dotted line). By 10 AU (Figure 3(b) ), the group of stream structures observed by Wind at 1 AU have coalesced into a big triangular speed structure with a weak leading forward shock, followed by another small triangular speed structure which evolved from the high-speed stream B in Figure 2 . Many interactions have occurred before 10 AU (not shown here) and the original speed structure has been smoothed out. As the solar wind moves outward to 20 AU, the triangular speed structure in Figure 3b evolves into a major forward and reverse shock pair (labeled "F" and "R" in Figure 3(c) ). The forward shock overtakes the leading weak shock and merges to form a strong forward shock by 30 AU (Figure 3(d) ). In the meantime, the reverse shock collides with the following forward shock and is dampened significantly by a series of interactions. By 50 AU, the solar wind structure has an almost perfect triangular profile with a strong leading forward shock followed by numerous small structures (Figure 3(f) ). It is interesting to note that a single triangular shock could also form in the outer heliosphere from the merging of periodically spaced shocks introduced at 1 AU [Zank and Pauls, 1997; Rice and Zank, 1999] . This leading strong forward shock decays slightly but not significantly from 50 AU to Voyager 2 at 65 AU. The comparison of the model results with the Voyager 2 observations (dotted line) is shown in the bottom panel of the figure (Figure  3(g) ). Both the timing and predicted speed profile are in good agreement with the observations. We predict a density compression ratio of ∼2.8 across the shock; the observed ratio is difficult to determine because both upstream and downstream densities have significant scatter but is of the same order (roughly 2.2 ± 0.4). The magnetic field strength is predicted to increase across the shock by a factor of ∼2.8, which can be tested once the magnetic field analysis is complete.
Summary and Discussion
On October 16, 2001, the plasma detector on board Voyager observed a strong shock (relative to other shocks recorded in the distant heliosphere) with a speed jump of ∼100 km s −1 , which is much larger than the Bastille Day shock observed by Voyager 2 on January 12, 2001. Instead of a single major solar event, multiple episodes of solar activity during the month of April 2001 are found to be responsible for the formation of this strong shock. The CMEs and associated interplanetary disturbances associated with the April 2001 solar events result in a series of high-speed stream structures at Earth. A multi-fluid one-dimensional MHD model, which includes the interaction between solar wind protons, pickup ions and interstellar neutrals, was used to study the dynamical process of the propagation and interaction of a series of interplanetary shocks. Successive merging and interaction of these shocks results in a well-developed strong forward shock in the outer heliosphere beyond 30 AU. This shock continues to propagate outward and decays slightly but not significantly with distance, and was subsequently detected by Voyager 2 at 65 AU. The timing and overall character of the propagated Wind speed data match the Voyager 2 observations quite well. Thus, we conclude that a strong shock in the distant could be a outer heliospheric remnant of a strong shock in the inner heliosphere such as the Bastille Day 2000 shock ("one to one" relationship), or it could be a outcome of the interaction and evolution of a series of interplanetary shocks such as the October shock we studied here ("one to many" relationship).
The longitudinal separation of Wind and Voyager 2 (∼90
• ) in April, 2001 makes it questionable whether identical plasma was observed at the two spacecraft. However, although the average angular size of CMEs at the Sun is about 45
• , the size can be as large as 120
• [Hundhausen, 1996] . On the other hand, since the internal pressure of a CME often significantly exceeds that of the surrounding solar wind, most CMEs expand in all directions as they move outwards. Identification of an ICME with a longitudinal extent of at least 100
• has been made [McAllister et al., 1996] . Considering the magnitude of the solar activity in April 2001, we believe that the spatial extent of those events is likely large enough to make our 1-D assumption feasible. The good agreement between the observed and modeled speed profiles gives us confidence that the shock observed by Voyager 2 results from the merging and interaction of multiple stream structures observed by Wind at Earth.
This result has important implications for the formation of large structures like GMIRs in the outer heliosphere and for the triggering of heliospheric radio emissions. GMIRs are defined as spherical shells of enhanced magnetic field (and often plasma density) which are barriers to the inward propagation of cosmic rays. Single events (large CMEs) observed at Earth have been iden-tified as drivers of GMIRs, despite the problem of longitudinal coverage described above. A series of events such as those observed in April 2001 would provide a natural method of extending the GMIR over a large longitude range. The merging of a series of flows and their effect on cosmic ray intensities has been demonstrated by Burlaga et al. [1986] . The search for triggers of the heliospheric radio emission has concentrated on large CMEs which produce large decreases in neutron monitor counts at Earth. Since the shock itself is thought to be the trigger, our results verify the existence of a class of possible trigger events derived from multiple solar events. The biggest shocks in the outer heliosphere may not correspond to the largest events at Earth. 
